Background: Sensitization is associated with the exacerbation, severity, and prognosis of allergic diseases in children
Skin prick tests (SPTs)
SPTs were performed for 18 common allergens. Histamine (10 mg/ml) was used as the positive control, and normal saline was used as the negative control. Positive sensitization was defined as a mean wheal diameter of ≥ 3 mm and a greater size than that elicited by the positive control when measured after 15 min. Atopy was defined as at least one positive SPT response. The prevalence of sensitization to food, including peanut, milk, and egg white, was very low and was thus not considered in our current analyses. The 15 allergens evaluated in the test were classified into 3 groups to identify the association between specific sensitization and development of allergic diseases. These included indoor allergens (Dermatophagoides farinae [Der f], Dermatophagoides pteronyssinus [Der p], cat epithelium, dog dander, cockroach), outdoor allergens (grass mixture, alder, birch, oak, Japanese hop, mugwort, ragweed, hazel) and mold (Alternaria, Aspergillus). In the binary classification into indoor and outdoor allergens, Alternaria was included in the outdoor allergen group and Aspergillus was classified as an indoor allergen. 16 Mono-sensitization was defined as sensitization to only one inhalant allergen and poly-sensitization to more than two inhalant allergens. The sensitization grading we used with the SPTs was as described previously: grade 0, ratio of allergen wheal to histamine (R) = 0; grade 1, < 1/2; grade 2, ≥ 1/2 to < 1; grade 3, 1 ≥ to < 2; grade 4, 2 ≥ to < 3; grade 5, 3 ≥ to < 4; and grade 6, ≥ 4. 
Methacholine challenge test (MCT)
For MCT, we used a modified five-breath dosimeter method in accordance with the American Thoracic Society (ATS) guidelines. 18 Spirometry (Jaeger APS; CareFusion Respiratory Care, San Diego, CA) was conducted using a Hans-Rudolph non-rebreathing valve (Hand Rudolph Inc., Kansas City, MO) and a Misty-Neb Medication nebulizer set (CareFusion Respiratory Care) with the flow meter set at 0.009 mL ± 10% of the solution per 0.6 s of actuation during inhalation. Subjects were excluded from the analysis if they had a history of upper or lower respiratory tract infection during the three weeks prior to MCT or had received inhaled corticosteroid therapy at least four weeks before MCT. Normal saline was used as a baseline and was followed by stepwise concentrations of methacholine concentrations (0.0625, 0.25, 1, 4, and 16 mg/ mL). The forced expiratory volume in 1 second (FEV 1 ) was measured at 30 s and 90 s after the nebulization was completed and the next dosing schedule then proceeded within 5 minutes. We defined BHR to methacholine in our current series in a dual way i.e. we adopted the PC20 cutoff < 8 mg/mL.
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ISAAC Questionnaire
The Korean version of the International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire was used to investigate asthma, allergic rhinitis (AR), and atopic dermatitis (AD). 19 The parents or guardians of the subjects completed this questionnaire, which includes the following items: (i) general characteristics, such as sex, age, height, and weight; (ii) history of AD diagnosis by physicians or AD symptoms in the last 12 months, history of AR diagnosis by physicians or AR symptoms in the last 12 months, history of doctor-diagnosed asthma, and the presence of wheezing in the last 12 months; and (iii)
Introduction
Sensitization is associated with development, severity, and prognosis of allergic diseases in children. 1 Diverse factors including age, ethnicity, time, region, and combined allergic diseases affect allergic sensitization. [2] [3] [4] Among these variables, age and combined allergic diseases have shown the strongest association with allergic sensitization. 3, [5] [6] [7] [8] [9] [10] [11] The sensitization rates change over times. 9, 12 In a previous nationwide cross-sectional study from Korea in 2010, the sensitization rate was 47.9% in 6-7 year-old children. 12 Recent studies on changes in the prevalence of sensitization are relatively lacking, compared to the numerous previous studies; 13, 14 which would be helpful in identifying the role of sensitization in allergic diseases and establishing new preventive strategies for these conditions in children.
Sensitization patterns affect the prognosis of allergic diseases, such as the new development of asthma and bronchial hyperresponsiveness (BHR). 11 The type of sensitization may also play a different role according to allergic diseases. 6, 15 Notably, however previous studies have been limited in identifying the association between allergic diseases and specific sensitization patterns due to the confounding nature of multi-sensitization.
In our present study, we investigated the prevalence of sensitization to common allergens in a cohort of children who were aged 7 years in 2015 and evaluated how the sensitization pattern is associated with allergic diseases in these subjects. We elucidated this association in terms of the allergen types, number of sensitized allergens, and degree of sensitization.
Materials and Methods
Study population
The Children Panel Study is a nationwide hospital-based birth cohort study that began in 2008. A total of 2,150 mothers were recruited at 30 gynecology clinics selected by random sampling. This study was based on responses to questionnaires administered by individual interviewers in each year. Among the enrolled children, 1,577 children were followed up at 7 years of age. Parents and their children, who agreed to undergo allergy tests, visited hospitals. The methacholine challenge test (MCT) was performed in 565 children, and skin prick tests (SPTs) were performed in 548 children at the age of 7 years. These tests were performed in a day at hospitals with an additional questionnaire on the presence of allergic diseases. From the total panel population, we enrolled 548 children in this current study for whom the results of SPTs were available. There were no significant differences in the baseline characteristics between the included and excluded subjects. The Institutional Review Board of Asan Medical Center reviewed and approved the current study protocol (IRB no. 2015-0907). Written consent was obtained from the parents or guardians of each subject following a detailed explanation of the study.
household income and environmental factors, such as exposure to environmental tobacco smoke (ETS).
Statistical analysis
The associations between sensitization, diverse environmental factors, and allergic diseases were analyzed using multivariate logistic regression analysis and expressed as an odds ratio (OR) with a 95% confidence interval (CI). Adjustments were made for potential confounding factors, such as sex, living areas, parental history of allergic diseases, exposure to ETS, and monthly household income. All statistical analyses were performed using SPSS version 24.0 (IBM Co., Armonk, NY). A P value of less than 0.05 was set as the level of statistical significance.
Results
Characteristics of the study population
The characteristics of the study population are listed in Table 1 . The mean age of the subjects was 7.0 ± 0.1 years old and 53.8% of the total study population was male. In addition, 67.9% of the study population had a family history of allergic diseases.
Association between sensitization rate and allergic diseases
Children with symptoms of AR, asthma, and AD in the preceding 12 months as well as BHR showed a significantly higher sensitization rate ( Table 2) . Children diagnosed with AR, asthma, or AD in their lifetime also showed significantly higher sensitization rates compared to those without a diagnosis of any allergic diseases by 7 years of age.
Sensitization rate of the study subjects to specific allergens
We found that 46.4% of the children were sensitized to at least one of the common allergens at 7 years of age (Supplementary Table 1 ). When we stratified the sensitized allergens into indoor, outdoor and mold allergen groups, the study population was most commonly sensitized to the indoor allergens (31.8%; Supplementary Figure 1) . Among the children sensitized to more than one allergen, 77.2% (196/254) were poly-sensitized and 22.8% (58/254) were mono-sensitized (Supplementary Figure 2 ).
The most common sensitizations in the total population were to Der p (38.0%) and Der f (34.9%), followed by Japanese hop (6.9%) and dog dander (4.4%) (Supplementary Table 1 ). The prevalence of sensitization was highest in the children with an asthma diagnosis in lifetime (66.7%), followed by those with BHR (62.2%). Children who had been diagnosed with AD and AR in their lifetime were most commonly sensitized to Der p and Der f, followed by pollens, whereas those diagnosed with asthma showed the highest sensitization to Der p and Der f, followed by dog dander and cat epithelium.
Factors associated with sensitization at 7 years of age
A parental history of any allergic disease showed an association with sensitization with an aOR of 1.84 (95% CI, 1.25-2.71, P = 0.002; Supplementary Table 2 ). Higher levels of maternal education were also associated with sensitization (aOR, 1.82; 95% CI, 1.16-2.88, P = 0.010). Blood eosinophils of more than 4% and total serum IgE levels above 100 kU/L were also associated with allergen sensitization with an aOR of 4.35 (95% CI, 2.94-6.46, P < 0.001) and 11.16 (95% CI, 7.04-17.70, P < 0.001), respectively. Adjusted by sex, parental history of allergic diseases, exposure to environmental tobacco smoke, region and income.
Supplementary
Sensitization patterns in the study subjects stratified by allergic disease Sensitization to indoor allergens showed an association with a prior diagnosis of AD, AR, and asthma as well as symptoms of these disorders in the preceding 12 months. On the other hand, sensitization to outdoor allergens was significantly associated with AR diagnosis in lifetime and symptoms in the preceding 12 months (Figure 1 ). Sensitization to mold was associated with wheezing and AR symptoms in the preceding 12 months. Sensitization to only indoor allergens was associated with BHR at 7 years of age.
To elucidate the independent effects of each sensitization groups on diverse allergic diseases, we stratified the sensitized allergens into house dust mite (HDM), pollen, mold and animal groups. We also evaluated the associations between sensitizations to diverse allergen groups and allergic diseases by classifying sensitizations to 'only other' group, defined as sensitizations to allergens other than the index allergen, and sensitizations to 'each + other' group, defined as sensitization to both index allergens and more than one of the other allergens in Figure 2 . Sensitization to only HDM was significantly associated with recent symptoms of AR (aOR, 2.10; 95% CI, 1.34-3.27), AD (aOR, 3.04; 95% CI, 1.40-6.59) and BHR (aOR, 2.74; 95% CI, 1.48-5.05) (Figure 2) . In terms of a lifetime diagnosis of any allergic disease, sensitization to only HDM was significantly associated with AR (aOR, 1.94; 95% CI, 1.24-3.04). Simultaneous sensitizations to more than two allergen groups among the HDM, pollen, mold, and animal groups were significantly associated with asthma symptoms in the preceding 12 months (aOR, 3.69, 95% CI, 1.46-9.23 for sensitization to HDM with other allergen groups; aOR, 3.35, 95% CI, 1.21-9.33 for sensitization to pollen with other allergen groups; aOR, 
Figure 2. Association between sensitization patterns and symptoms of allergic diseases in the preceding 12 months (A) and lifetime diagnosis of allergic diseases by a physician (B).
'No' , no sensitization to any allergen; 'only' , sensitization to the index allergen only; 'only other' , sensitization to allergens other than the index allergen; 'each + other' , sensitization to both index allergens and more than one of the other allergens. HDM included Der p and Der f; Pollen included alder, birch, oak, Japanese hop, mugwort, ragweed, and hazel; Mold included Alternaria and Aspergillus; Animal included dog dander and cat epithelium. AD, atopic dermatitis; aOR, adjusted odds ratio; AR, allergic rhinitis; CIs, confidence intervals; NA, not applicable; Ref., reference. 
Sensitizations in allergic diseases
Association between the number of sensitized allergen and allergic diseases
A higher number of sensitized allergens was found to be significantly associated with asthma symptoms in the preceding 12 months and lifetime diagnosis of asthma and AR (Figure 3) . However, the number of sensitized allergens was not associated with the presence of AD symptoms in the preceding 12 months, lifetime diagnosis of AD, or BHR.
Association between the degree of sensitization and allergic diseases
When we classified the degree of sensitization to indoor and outdoor allergens based on the highest sensitization grade for each allergen group, a higher degree of sensitization to indoor allergens was associated with symptoms in the preceding 12 months of asthma (aOR 5.67, 95% CIs 1.69-19.00), AR (aOR 4.30, 95% CIs 2.34-7.92), AD (aOR 3.39, 95% CIs 1.28-8.94) and BHR (aOR 3.44, 95% CIs 1.53-7.74). Sensitization to outdoor allergens was associated with symptoms in the recent 12 months of asthma (aOR 3.65, 95% CIs 1.05-12.64) and AR (aOR 3.85, 95% CIs 1.33-11.13), but not AD or BHR (Figure 4) . In terms of lifetime diagnosis of any allergic disease, significantly increased associations were found between a higher degree of sensitization to indoor allergens and asthma (aOR 4.12, 95% CIs 1.36-12.47 for sensitization higher than grade 4), AR (aOR 2.72, 95% CIs 1.51-4.89 for sensitization higher than grade 4), and AD (aOR 2.06, 95% CIs 1.13-3.76 for sensitization higher than grade 4). However, these associations were not observed between sensitization to outdoor allergens and lifetime diagnosis of any allergic disease. sensitization and allergic diseases. Our present study provides the reference data for the sensitization rate with commonly sensitized allergens and sensitization patterns in association with diverse allergic diseases in Korean children aged 7 years old from a general population-based birth cohort study.
The sensitization rate of 46.4% in 7 years-old Korean children in our current cohort is higher than the previously reported rate of 40.9% in the same-aged subjects in 2010. 12 This suggests that the sensitization rate in children is increasing over time. In our present study, HDM sensitizations were the most common, including Der f and Der p. The similar findings have been reported by the previous studies performed in other countries and in Korea.
9,12 US-based National Health and Nutrition Examination Surveys have indicated that the prevalence of sensitization to HDM has been increasing over time in children. 9 in 2010, the most common sensitizations were to Der f and Der p with rates of 32.4% and 32.1%, respectively, in children aged 7 years. 12 Based on the results of the previous and our present investigation (Der p, 38.0% and Der f, 34.9%), sensitization to Der p and Der f seems to be showing an increasing incidence over time.
In our present study, sensitization to indoor allergens was found to be associated with diverse allergic diseases including asthma, AR, and AD as well as BHR, whereas sensitization to outdoor allergens was significantly associated only with AR. This positive association between sensitization to indoor allergens, such as HDM, and asthma in children has been reported previously. 2, 20 However, these previous studies did not consider simultaneous sensitization to different allergens. In our current study, we identified an association between independently sensitized allergen groups and allergic diseases. Among the diverse indoor allergens, sensitization to HDM was found to be independently associated with diverse allergic diseases including AR. A marked effect of mold sensitization on allergic diseases was also found when combined with sensitization to other allergens.
The complex interaction between sensitization patterns and the relevance of allergic diseases has been recently evaluated through phenotype studies. [21] [22] [23] However, prior studies on atopy phenotypes are limited in identifying the association between independent sensitization patterns and allergic diseases due to the commonly sensitized allergens. 23 To better identify an association between an independent sensitization to specific allergens and allergic diseases, we classified the common allergens into HDM, pollen, mold, and animal groups. Sensitization to HDM was independently associated with symptoms in the preceding 12 months of AR, AD, and BHR. Sensitization to HDM in combination with other groups of allergens increased the risk of recent symptoms and a lifetime diagnosis of asthma, but not sole sensitization to HDM. The independent sensitizations to pollen, mold, and animals were not associated with recent symptoms and lifetime diagnoses of any allergic disease, whereas combined sensitizations to other allergen groups was significantly associated with recent symptoms of asthma and AR. These findings may be explained by the relatively lower prevalence and weaker levels of independent sensitizations to pollen, mold and animal dander in this age group. Given that the recent studies on the association between allergic diseases and independently sensitized allergens are relatively lacking,
Discussion
We have identified a sensitization rate of 46.4% in Korean children who were 7 years of age in 2015 with the most commonly sensitized allergens being Der p (38.0%) and Der f (34.9%). Sensitization to indoor allergens was associated with symptoms in the preceding 12 months and lifetime diagnosis of AD, AR and asthma and BHR at 7 years of age, whereas sensitization to outdoor allergens was associated with symptoms in the preceding 12 months and lifetime diagnosis of AR. The number of sensitizations to common allergens was associated with symptoms in the preceding 12 months and lifetime diagnosis of asthma and AR, but not of AD and BHR. A higher degree of sensitization to indoor allergens was found to be significantly associated with symptoms in the preceding 12 months and lifetime diagnosis of asthma, AR, AD and BHR. However, higher degree sensitization to outdoor allergens was significantly associated with only symptoms of asthma and AR in the preceding 12 months. Based on these findings, we suggest that sensitization pattern including degree and number and types of allergens modifies the association between the results of our study may provide important information on the association between sensitization patterns and allergic diseases that assists with their interpretation and prediction in children sensitized to specific inhalant allergens.
The previous studies on the association between BHR and sensitization in adults have indicated that sensitization to indoor allergens as well as multiple sensitizations are associated with BHR, 7, 24 but studies on these associations in children are lacking. In our present report, sensitizations to indoor allergens, especially higher degree sensitizations to indoor allergens, were associated with BHR in children and were more pronounced when the subjects were sensitized to common allergens in combination with mold. The results of our present study thus suggest that sensitization patterns might play a different role in development of allergic diseases as well as BHR.
A significant association was not found in our current study between number of sensitized allergens and BHR. We instead observed that degree of sensitizations to indoor allergens was associated with BHR (P = 0.010, Trend P = 0.002, Pearson R = 0.145, Pearson P = 0.001), whereas number as well as degree of sensitizations was associated with asthma in the present study. These findings might suggest that sensitization to indoor allergens in parallel with degree of sensitization, even if it is mono-sensitization, is associated with chronic airway inflammation, which is one of the requisite events in the onset of BHR, 25 rather than sensitization in itself or number of sensitizations. The differences in sensitization patterns between asthma and BHR might be partially explained by the pathophysiologic differences between them or by other prerequisites for disease onset such as cytokine cascades. 25 Although BHR is one of the key features of asthma, which is characterized by chronic airway inflammation combined with airway remodeling, 26 it is also affected by the caliber of airway, as reflected by the smooth muscle contraction and edema. [26] [27] [28] Multiple factors including a structurally disturbed bronchial epithelium and innate immunity are associated with asthma, regardless of BHR, 29, 30 whereas BHR is mainly associated with airway wall thickening. 31 The differences between the sensitization pattern characteristics of asthma and BHR might be clinically relevant and future studies are thus needed to confirm the results of our present study and further elucidate the different pathophysiologies.
Although the role of sensitizations to inhalant allergens in the induction and persistence of AD has previously been unclear, 32 a previous study has reported that the active avoidance of HDM exposure using bedcovers and a high filtration vacuum cleaner greatly decreases the severity of AD symptoms. 33 An individual skin barrier dysfunction in susceptible subjects might affect the association between sensitization to HDM and AD. 34 Our current data suggest that sensitization to indoor allergens, but not outdoor allergens and mold, is associated with AD. In addition, we have observed that sensitization to HDM and its grade, but not number of sensitization, is more closely associated with AD in children. These findings may indicate that sensitizations to certain allergen types such as indoor allergens may in themselves play a crucial role in AD, regardless of sensitization to multiple sensitization, distinct from other allergic diseases.
Genetic factors reflected in the presence of parental history of allergic disease, and high eosinophil and total serum IgE levels, also increase the risk of sensitization. In our present analyses, higher maternal education levels, which are often suggestive of a higher socioeconomic status, showed an increased risk of sensitization. This might be partially explained by changes in the composition of the human microbiota arising from immune system alterations caused by socioeconomic impacts on lifestyle, diet, and environment.
There are some limitations of our study of note. First, although this study was performed in a nationwide general population, the sample size was relatively small as a representation of the whole population in the 7-year-old age group. However, there were no significant differences in the demographic characteristics between the participants who visited each clinic center and those who did not. In addition, although we conducted a prospective birth cohort study with annual follow -ups, environmental factors and presence of allergic diseases were investigated by questionnaire, which could lead to a misdiagnosis of allergic diseases due to a subjective evaluation of the symptoms. However, ISAAC questionnaire has been used around the world to investigate the prevalence of allergic diseases. 35 In our present study, we identified the association between BHR and sensitization patterns in children, as early as enforceable age with good performance for MCTs. In addition, the sensitization patterns might show regional variation, but we investigated regional differences in the sensitization patterns by adjustment due to limited sample sizes.
Despite these aforementioned shortcomings, our current analysis also has strengths such as use of a nationwide general population-based birth cohort study with a consideration of regional weights taken into account in our study design. Hence, our present findings can be generalized. In addition, although most prior general population-based studies on sensitization rates in children have included sensitization to aeroallergens, 12 we included food allergens, although the sensitization rate was very low.
In summary, we report the sensitization rate of 46.4% in Korean children aged 7 years from a general-population based study. Sensitization patterns including allergen types, sensitization degree, and the number of different allergen sensitizations can differentially impact on diverse allergic diseases including AD, AR, asthma, and BHR. Our current findings will be helpful in interpreting sensitization patterns in association with allergic diseases. They may also prove useful for identifying the pathophysiologies and diverse phenotypes underlying different allergic diseases. Furthermore, our present data provide insights into future preventive strategies against specific sensitization patterns that are associated with specific allergic diseases.
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